ZnO nanorods (NRs) films, nitrogen-doped (ZnO:N), and ZnO doped with nitrogen and decorated with silver nanostructures (ZnO:N-Ag) NRs films were vertically supported on undoped and N doped ZnO seed layers by a wet chemical method. The obtained films were characterized structurally by X-ray diffraction. Morphological and elemental analysis was performed by scanning electron microscopy, including an energy dispersive X-ray spectroscopy facility and their optical properties by Ultraviolet-Visible Spectroscopy. Analysis performed in the NRs films showed that the nitrogen content in the seed layer strongly affected their structure and morphology. The mean diameter of ZnO NRs ranged from 70 to 190 nm. As the nitrogen content in the seed layer increased, the mean diameter of ZnO:N NRs increased from 132 to 250 nm and the diameter dispersion decreased. This diameter increase occurs simultaneously with the incorporation of nitrogen into the ZnO crystal lattice and the increase in the volume of the unit cell, calculated using the X-ray diffraction patterns and confirmed by a slight shift in the XRD angle. The diffractograms indicated that the NRs have a hexagonal wurtzite structure, with preferential growth direction along the c axis. The SEM images confirmed the presence of metallic silver in the form of nanoparticles dispersed on the NRs films. Finally, the degradation of methyl orange (MO) in an aqueous solution was studied by UV-vis irradiation of NRs films contained in the bulk of aqueous MO solutions. We found a significant enhancement of the photocatalytic degradation efficiency, with ZnO:N-Ag NRs film being more efficient than ZnO:N NRs film, and the latter better than the ZnO NRs film.
Introduction
The use of nanostructured semiconductors for photocatalysis has attracted significant attention due to their potential applications for water and air decontamination [1] [2] [3] . Among the various semiconductor photocatalysts, titanium dioxide (TiO 2 ) in its anatase crystalline form and zinc oxide (ZnO) in its wurtzite crystalline form are the most promising (see for example [4] and references therein). Favorable position of the bands energy of ZnO with respect to TiO 2 expects a more efficient photocatalytic performance [4, 5] . The 3.37 eV of its optical bandgap at room temperature, the 60 eV
Experimental and Methods

Materials
We used analytical grade zinc acetate [Zn(CH 3 N 4 , Merck, Darmstadt, Germany] were used to prepare the NRs growth solutions. All reagents were used as received.
A transparent and electrically conductive SnO 2 :F film of 8 Ω/sq of sheet resistance (FTO) was used as a substrate for the growth of undoped ZnO and ZnO:N NRs following a cleaning process [29] . In brief, 2.0 × 1.5 cm 2 pieces of FTO conductive glass were cleaned in an ultrasonic bath, first with water and then with ethanol, before depositing the seed layer.
Seed Deposition
Undoped ZnO and ZnO:N seeds layers were deposited onto FTO substrates using SPT [29] . The seed layers were then used as a substrate to allow us to obtain undoped ZnO and ZnO:N NRs. In total, five precursor solutions were prepared to obtain pure and doped seed layers. To obtain a pure ZnO seed layer, a 0.5 mol/L solution of zinc acetate in water was used. ZnO:N seed layers with an increasing amount of nitrogen were obtained by using four different precursor solutions. These were prepared by mixing solutions of 0.5 mol/L of zinc acetate and 2.5 mol/L of ammonium acetate in water Coatings 2019, 9, 767 3 of 15 with different volume ratios (Γ), keeping constant the volume of the zinc acetate solution and adding different volumes of ammonium acetate solution. In total, four ZnO:N seed layers were prepared (Γ = 1:1, 1:2, 1:3, 1:4). In order to ensure total dissolution as well as to adjust the pH to 5.5, a few drops of CH 3 COOH were added to the five prepared solutions. The pure ZnO seed layer and the ZnO:N seed layers prepared with the four different volume ratios mentioned previously are hereafter referred to as ZnO, ZnO:N (1:1), ZnO:N (1:2), ZnO:N (1:3), and ZnO:N (1:4), respectively. Finally, a homemade spray pyrolysis system was used to deposit the seed layers as it was described in detail elsewhere [30] . In brief, a medical nebulizer was used as atomizer to produce uniform size droplets which were directed by a nozzle towards the hot substrate at 350 • C, keeping constant the 5 mm distance from the nozzle to the substrate. The hot substrate performed an oscillating movement at constant velocity to cover the whole area of the substrate. Micro-filtered air was used as a carrier gas at a fixed pressure of 1.7 × 10 5 Pa and maintained at a constant flux of 10 L/min.
The Growth of ZnO and ZnO:N NRs Films
In order to grow ZnO and ZnO:N NRs films from the ZnO and ZnO:N seed layer respectively, a simple hydrothermal process was used and two solution growth were prepared. The first solution, used to grow undoped ZnO NRs from undoped ZnO seed layer, was prepared by mixing equal volumes of C 6 H 12 N 4 (0.1 M) and Zn(NO 3 ) 2 ·6H 2 O (0.1 M) in water. The second solution used to grow ZnO:N NRs from the ZnO:N seed layers was prepared by mixing equal volumes of the following solution: Zn(NO 3 ) 2 ·6H 2 O (0.1 M), C 6 H 12 N 4 (0.1 M), and CH 3 COONH 4 (0.1 M) in water. Then, a substrate containing the seed layers of ZnO or ZnO:N were placed in a 100 mL screw-capped glass flasks containing 40 mL of the solution growth. This glass flask containing the substrate and the solution growth was placed in an oven at 90 • C for 1 h. After that, the substrate, covered with ZnO or ZnO:N NRs was then obtained, removed from the glass flask, and gently cleaned with distilled water and ethanol. Finally, the substrates with NRs film were dried at room temperature.
Photodeposition of Silver
In order to ensure the surface modification of undoped ZnO and ZnO:N NRs with silver nanostructures, 10 mL of a 10 mM solution of AgNO 3 (99% in purity from Sigma-Aldrich, Saint Louis, MO, USA) in water was prepared. Then, the as fabricated ZnO and ZnO:N NRs films were submerged in the AgNO 3 solution and exposed for 20 min to 1.9 mW/cm 2 of UV light in order to obtain photo reduction. An Ultra Vitalux 300 W OSRAM lamp was used as a source of light. After the treatment, the final product was washed with ethanol and distilled water and then dried at 60 • C.
Photocatalytic Characterizacion
Undoped ZnO, ZnO:N, and ZnO:N-Ag NRs films (2.5 × 1.5 cm 2 ) were placed at the bottom of a vessel with the NRs pointing upward to test the photocatalytic degradation of 50 mL methyl orange (MO) water solution under a constant stirring. The reactor system used to study the photocatalytic decomposition of MO is shown in Figure S1a . The light source Ultra Vitalux 300 W OSRAM lamp (OSRAM, Wilmington, USA ) in Figure S1b shows its emission spectra determined with an Oceanoptics USB 4000 spectrometer, (Oceanoptics, Largo, FL, USA) was placed approximately 25 cm above the sample, for which 6.5 mW/cm 2 in the UV-A range of intensity was measured. The initial concentration of MO was 3 mg/L. Experiments were performed in a natural environment without controlling the temperature (22 • C ± 2 • C). 2.5 mL of the treated solution was collected each hour in order to analyze with an UV-Vis spectrophotometer the MO concentration.
Characterization Methods
The micromorphology of NRs films was studied using a scanning electron microscopy HITACHI SU8230 (Hitachi, Omuta, Japan). ImageJ 1.52r software was used in order to obtain the nanorod statistics. The elemental composition was determined by EDS. The crystalline structure of the NRs Coatings 2019, 9, 767 4 of 15 was determined by X-ray diffraction using a Philips X'PERT MPD (Malvern Panalytical, Malvern, United Kingdom) with Cu-K α radiation equipment. The transmittance of each film was measured with a spectrophotometer Lambda 25 Perkin Elmer (PerkinElmer, Waltham, USA) working in the range within 190 nm to 1100 nm NRs films, respectively. All NRs exhibited hexagonal cross sections and generally grew perpendicular to the surface. The diameter, density, and the thickness of the NR films displayed a clear trend with the amount of N at the solution used to prepare the seed layers. The micrographs show that ZnO NRs grown onto an undoped seed layer were thinner, more dispersed, and worse oriented than ZnO:N NRs grown onto N-doped ZnO seed layers. When the N content in the seed layer increases, the diameter and the film thickness of ZnO:N NRs films increases, while the dispersion in NRs diameter sizes slightly decreased. The thickness of the ZnO NRs films increased continuously from 1.3 µm to 2.4 µm when the nitrogen content in the ZnO:N increased from (1:0) to (1:4), respectively. The mean nanorod diameter increased from 128 nm to 250 nm for ZnO NRs grown on undoped ZnO seed layers with respect to the ZnO:N NRs grown on N-doped ZnO seed layer, respectively. The right side of Figure 1 shows the NRs frequency of diameters in the ZnO:N NRs films. The mean diameter and size dispersion of NRs are shown in Figure 2a and also reported in Table 1 for all the samples. Figure 2b shows the average number of rods counted on 5 × 5 µm 2 squares located at different positions at the surface of the samples. The number of NRs decreased as the N concentration increased in the seed layer. From the mean diameter (2R), the NRs counted (N) on flat areas and the film thickness (d), we can estimate the surface area A S of NRs considering a rod as a hexagonal prism using the following relation:
Results and Discussion
(1) Figure 2b shows the values of A S , the calculated surface area of NRs, for the 5 × 5 mm 2 squares of analyzed surface as mentioned previously. Clearly, the NR surface area increased with the increase of N concentration in the seed layer. The NRs that grew from the ZnO:N (1:4) seed layer had the largest surface area.
The increase in the mean diameter, shown in Figure 2a , can be attributed to the increase in particles size in the seed layer [31] [32] [33] . Nitrogen dopant introduced in the ZnO seed layer increase the particle size of seed layer, and as each particle acts as a nucleation site for the growth of the nanorods, it results in the growth of nanorods with bigger diameters. Moreover, when the particle size of seed layer increases the density of nucleation site decrease and therefore the number of nanorods per unit of surface area decreases, this is in good agreement with results shows in Figure 2b . The less density of nanorods with bigger diameter and better alignment, as show in Figure 1 , promoted rapid growth along the vertical direction result in films of bigger thickness [34, 35] .
The elemental composition of the ZnO NRs and ZnO doped with nitrogen NRs were obtained by EDS spectroscopy. A typical EDS spectrum of undoped ZnO NRs is shown in Figure S4a . Signals corresponding to the presence of Zn, O, C, and Sn can be clearly identified. The C and Sn peaks came from the FTO substrate. No any other element was detected. In Figure S4b , the EDS spectra of the ZnO:N (1:3) NRs film is presented. As can be seen from the inset, a weak peak at 0.39 eV corresponding to nitrogen is observed. This provides direct evidence that nitrogen atoms were introduced into the ZnO NRs film. The N content in the film was estimated at about 0.9 at.%. However, with this technique, nitrogen was detected only in this film. The elemental composition of the ZnO NRs and ZnO doped with nitrogen NRs were obtained by EDS spectroscopy. A typical EDS spectrum of undoped ZnO NRs is shown in Figure S4a . Signals corresponding to the presence of Zn, O, C, and Sn can be clearly identified. The C and Sn peaks came from the FTO substrate. No any other element was detected. In Figure S4b , the EDS spectra of the ZnO:N (1:3) NRs film is presented. As can be seen from the inset, a weak peak at 0.39 eV corresponding to nitrogen is observed. This provides direct evidence that nitrogen atoms were introduced into the ZnO NRs film. The N content in the film was estimated at about 0.9 at.%. However, with this technique, nitrogen was detected only in this film. Figure 3a ,b shows typical scanning electron images of as-synthesized pure ZnO and ZnO:N (1:2) NRs after the Ag photodeposition process, respectively. The presence of nanoparticles on the ZnO:N (1:2) NRs is clearly noticeable in Figure 3b . Figure S5 shows an SEM images obtained with an energy selective backscattered electron detector (EBS) of sample ZnO:N (1:2) in the same position of as show in Figure 3b , the color contrast difference on ESB analysis clearly indicates that the elemental composition of nanoparticles differ from the ZnO rods. Figure 3c depicts the EDS spectrum corresponding to the region of the film shown in Figure 3a (ZnO-Ag NRs), indicating that silver is present in this system. EDS and ESB analysis confirm that nanoparticles are indeed silver nanoparticles. Silver was deposited in the form of nanoparticles on the top and lateral faces of the ZnO:N rods, but in the case of the pure ZnO rods, although it is detected by EDS, cannot be identified as well-defined particles. To determine the reason of this behavior a deeper study of this phenomenon is necessary. Very likely, it is consequence of the presence of a higher amount of thick rods in the ZnO:N samples. Figure S5 shows an SEM images obtained with an energy selective backscattered electron detector (EBS) of sample ZnO:N (1:2) in the same position of as show in Figure 3b , the color contrast difference on ESB analysis clearly indicates that the elemental composition of nanoparticles differ from the ZnO rods. Figure 3c depicts the EDS spectrum corresponding to the region of the film shown in Figure 3a (ZnO-Ag NRs), indicating that silver is present in this system. EDS and ESB analysis confirm that nanoparticles are indeed silver nanoparticles. Silver was deposited in the form of nanoparticles on the top and lateral faces of the ZnO:N rods, but in the case of the pure ZnO rods, although it is detected by EDS, cannot be identified as well-defined particles. To determine the reason of this behavior a deeper study of this phenomenon is necessary. Very likely, it is consequence of the presence of a higher amount of thick rods in the ZnO:N samples. Figure 4a presents the X-ray diffraction patterns of ZnO and ZnO:N films of nanorods grown on seeds with different ZnO:N ratios. All the samples displayed high crystallinity with an average crystalline grain size between 44 and 51 nm, depending on seed composition. The main peaks of the diffractograms can be attributed to the hexagonal structure of ZnO wurtzite corresponding to the crystalline planes (100), (002), (101), (102), (103), and (112) [JCPDS card No. . The most intense diffraction plane is (002) and indicates that the c-axis of the wurtzite structure is the preferred growth direction for the supported nanorods. Meanwhile, the weak diffraction peaks corresponding to the crystalline planes (100) and (101) tend to disappear as the nitrogen content in the seed layer increases. Peaks marked with (*) are peaks corresponding to the transparent conductive substrate, with no additional diffraction peak detected. Figure 4b shows an amplified view of the reflection corresponding to the crystalline plane (002) of undoped and nitrogen-doped ZnO nano-films. It can be clearly observed that the presence of nitrogen slightly shifts the position of the diffraction peak towards a smaller diffraction angle. This would prove a successful doping due to a possible substitutional modification of the oxygen, or in any case, interstitial, since the nitrogen atom is larger than the oxygen atom but smaller than the zinc atom, thus increasing the lattice constant [36] . Figure  4c shows the ratio of the relative intensity for the (101) and the (002) peaks corresponding to the different NRs films. The decreasing trend indicates that the c-axis alignment improved as the N content of the seed layer increased.
Sample
Applying the Debye-Scherrer equation, D = 0.9λ/βcosθ, [37] to the crystalline plane (002) allow us to calculate the crystalline grain size along the c-axis. In this equation, β is the full width at half maximum of the peaks corresponding to the crystalline plane (002), λ = 1,540598 Å and θ the Figure 4a presents the X-ray diffraction patterns of ZnO and ZnO:N films of nanorods grown on seeds with different ZnO:N ratios. All the samples displayed high crystallinity with an average crystalline grain size between 44 and 51 nm, depending on seed composition. The main peaks of the diffractograms can be attributed to the hexagonal structure of ZnO wurtzite corresponding to the crystalline planes (100), (002), (101), (102), (103), and (112) [JCPDS card No. . The most intense diffraction plane is (002) and indicates that the c-axis of the wurtzite structure is the preferred growth direction for the supported nanorods. Meanwhile, the weak diffraction peaks corresponding to the crystalline planes (100) and (101) tend to disappear as the nitrogen content in the seed layer increases. Peaks marked with (*) are peaks corresponding to the transparent conductive substrate, with no additional diffraction peak detected. Figure 4b shows an amplified view of the reflection corresponding to the crystalline plane (002) of undoped and nitrogen-doped ZnO nano-films. It can be clearly observed that the presence of nitrogen slightly shifts the position of the diffraction peak towards a smaller diffraction angle. This would prove a successful doping due to a possible substitutional modification of the oxygen, or in any case, interstitial, since the nitrogen atom is larger than the oxygen atom but smaller than the zinc atom, thus increasing the lattice constant [36] . Figure 4c shows the ratio of the relative intensity for the (101) and the (002) peaks corresponding to the different NRs films. The decreasing trend indicates that the c-axis alignment improved as the N content of the seed layer increased. Applying the Debye-Scherrer equation, D = 0.9λ/βcosθ, [37] to the crystalline plane (002) allow us to calculate the crystalline grain size along the c-axis. In this equation, β is the full width at half maximum of the peaks corresponding to the crystalline plane (002), λ = 1,540598 Å and θ the diffraction angle. The calculated D for all samples is shown in Figure 4d . In general, the grain size for all ZnO:N NRs is larger than for undoped ZnO, with the grain size of ZnO:N (1:1) being the largest. Figure 4d also shows that for ZnO:N NRs, the grain size decreases as the N content in the seed layer increases.
The lattice parameters 'a' and 'c' were calculated by using the relation of r spacing [37] ( 1 r hkl ) 2 = 4 3
The lattice parameters and the c/a ratios are shown on Table 2 , as well as the unit cell volume, which is also plotted on Figure 4d . The calculated c/a ratio of about 1.603 which is correlated with the 1.633 published elsewhere [23] . All ZnO:N samples exhibit bigger crystal parameters as compared to pure ZnO. Figure 5a presents the diffractograms of the ZnO and ZnO:N NRs films after the photoreduction process. There is no obvious difference with the XRD patterns shown in Figure 4a , as both graphs display the same peaks. However, an enlarged view of the FTO peak at 37.65 • , shown in Figure 5b , reveal the presence at 38.05 • of one weak peak (*). The presence of this diffraction peak can be assigned to the plane (111) of the FCC Ag structure [JCPDS card no. 04-0783], associated with crystalline nanostructures of Ag in films. In addition, the fact that there are no additional diffraction peaks associated to this element is probably due to the fact that they are only attached on the NRs surface. The calculated grain size corresponding to the peak (111) of the Ag nanoparticles was 30 nm.
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The photocatalytic activity of all the samples is shown in Figure 7 . C 0 represents the initial concentration of MO and C is the MO concentration after light exposure. As a reference on both graphs, the green line shows the degradation of MO under direct light illumination in absence of photocatalyst; almost no degradation was observed. The absorption onsets are similar for all synthetized materials, only a small reduction in the onset of absorption was found for all the ZnO:N films as compared to pure ZnO. This reduction may be due to substitution of N for O and later formation of Zn-N bonds. The existence of Zn-N bonds can result in mixing of N2p states and O2p states, which can account for the restructuring of the valence band and subsequent reduction of band gap [40] . However, no significant changes in the absorption onsets are similar for ZnO and ZnO:N materials
The photocatalytic activity of all the samples is shown in Figure 7 . C0 represents the initial concentration of MO and C is the MO concentration after light exposure. As a reference on both graphs, the green line shows the degradation of MO under direct light illumination in absence of photocatalyst; almost no degradation was observed. Figure 7a shows the photocatalytic activity of pure ZnO and ZnO:N NRs. An important enhancement of photocatalytic activity is observed. All ZnO:N NRs photocatalysts exhibited a higher degradation rate than pure ZnO NRs, with ZnO:N (1:1) being slightly the most efficient by removing 98% of the dye in 5 h. By contrast, during the same amount of time, only 55% of the dye was degraded by using pure ZnO NRs. No big differences were found in the degradation rate between all ZnO:N NRs films. The higher photocatalytic performance of ZnO:N NRs as compared to pure ZNO NRS films is likely due mainly to their bigger surface area and crystal size than pure ZnO NRs, as can be clearly seen in Figure 2 and Table 2 respectively, and to a lesser extent, to a small enhanced of visible light absorption capacity due to nitrogen doping. As explained in [41] , nitrogen dope introduces surface states due to defects, reducing then optical bandgap [42] by adding a band tail.
The photocatalytic activity of ZnO-Ag and ZnO:N-Ag NRs films are displayed in Figure 7b . There is a significant enhancement of photocatalytic activity due to the presence of silver in these materials with respect to pure ZnO and ZnO:N NRs (shown in Figure 8a ). All ZnO:N-Ag NRs films degrade around 95% of the MO in only three hours.
The energetic position of the energy bands to ensure rapid transfer of photo-induced charge carriers in nitrogen doped and silver-decorated ZnO films has been discussed before [22, 23, [26] [27] [28] . Figure 8 shows a scheme that resumes the different processes that takes place during the photocatalytic degradation of MO under UV or visible light illumination. The influence of silver on a semiconductor promotes the formation of a Schottky barrier, behaving as a container for these, which improves the separation of photogenerated charge carriers. This allows electrons to flow from the ZnO to the Ag nanostructures, since the lower energy level of the ZnO conduction band is higher than the Fermi equilibrium energy level (Ef) of the ZnO-Ag heterostructures. On the other hand, the positive charge carriers can, in principle, remain on the semiconductor surfaces, as shown in Figure  8a . Then, each of the charge carriers will follow the well-known adsorption processes and redox Figure 7a shows the photocatalytic activity of pure ZnO and ZnO:N NRs. An important enhancement of photocatalytic activity is observed. All ZnO:N NRs photocatalysts exhibited a higher degradation rate than pure ZnO NRs, with ZnO:N (1:1) being slightly the most efficient by removing 98% of the dye in 5 h. By contrast, during the same amount of time, only 55% of the dye was degraded by using pure ZnO NRs. No big differences were found in the degradation rate between all ZnO:N NRs films. The higher photocatalytic performance of ZnO:N NRs as compared to pure ZNO NRS films is likely due mainly to their bigger surface area and crystal size than pure ZnO NRs, as can be clearly seen in Figure 2 and Table 2 respectively, and to a lesser extent, to a small enhanced of visible light absorption capacity due to nitrogen doping. As explained in [41] , nitrogen dope introduces surface states due to defects, reducing then optical bandgap [42] by adding a band tail.
The photocatalytic activity of ZnO-Ag and ZnO:N-Ag NRs films are displayed in Figure 7b . There is a significant enhancement of photocatalytic activity due to the presence of silver in these materials with respect to pure ZnO and ZnO:N NRs (shown in Figure 8a ). All ZnO:N-Ag NRs films degrade around 95% of the MO in only three h.
the silver nanostructures a promotion of charge carriers [43] [44] [45] , adding the fact that the Schottky interfacial barrier would prevent the transfer of an electron from the surface of the silver nanostructure to the semiconductor. However, it has been shown that electrons are still able to be transferred back from the Ag to the ZnO:N due to the strong collective oscillation of electrons under the plasmon excitation [47] [48] [49] . As in the previous case, the photogenerated superoxide •O2 -and hydroxyl •OH radials would be generated and react with the MO. The energetic position of the energy bands to ensure rapid transfer of photo-induced charge carriers in nitrogen doped and silver-decorated ZnO films has been discussed before [22, 23, [26] [27] [28] . Figure 8 shows a scheme that resumes the different processes that takes place during the photocatalytic degradation of MO under UV or visible light illumination. The influence of silver on a semiconductor promotes the formation of a Schottky barrier, behaving as a container for these, which improves the separation of photogenerated charge carriers. This allows electrons to flow from the ZnO to the Ag nanostructures, since the lower energy level of the ZnO conduction band is higher than the Fermi equilibrium energy level (E f ) of the ZnO-Ag heterostructures. On the other hand, the positive charge carriers can, in principle, remain on the semiconductor surfaces, as shown in Figure 8a . Then, each of the charge carriers will follow the well-known adsorption processes and redox reactions, producing superoxides •O 2 − in the conduction band and hydroxyl radicals •OH on the valence band. This will lead to methyl orange until it is broken down into CO 2 and H 2 O. On the other hand, the increase of photoactivity in the visible range can be rationalized with the mechanism described in Figure 8b . Where plasmon resonance under visible radiation produces on the silver nanostructures a promotion of charge carriers [43] [44] [45] [46] , adding the fact that the Schottky interfacial barrier would prevent the transfer of an electron from the surface of the silver nanostructure to the semiconductor. However, it has been shown that electrons are still able to be transferred back from the Ag to the ZnO:N due to the strong collective oscillation of electrons under the plasmon excitation [47] [48] [49] . As in the previous case, the photogenerated superoxide 
Conclusions
ZnO, nitrogen-doped ZnO (ZnO:N) and silver-decorated nitrogen-doped ZnO (ZnO:N-Ag) nanorods (NRs) films were grown vertically on undoped and N doped ZnO seed layers by a wet chemical method. The diameter, density of the NRs, and the thickness of the NR films were strongly influenced by the properties of seed layers. The SEM analysis shows that ZnO NRs grown on undoped seed layer were thinner, more dispersed and worse oriented than ZnO:N NRs grown on N-doped ZnO seed layers. When increasing N content in the seed layer, the diameter of ZnO:N NRs, surface area, and the thickness of the films also increase, but the spread of diameter sizes decrease. Ag was photodeposited as nanoparticles attached on the surface of the ZnO:N nanorods, but was amorphously and dispersed on the ZnO NRs. This different behavior might be associated with size NRs. A significant enhancement of the photocatalytic efficiency of ZnO:N NRs as compared with pure NRs was determined. Besides, the subsequent decoration of the ZnO:N NRs with Ag hetero-structures resulted in an additional enhancement of the photocatalytic efficiency, with ZnO:N-Ag generally being more efficient than ZnO:N and the latter better than pure ZnO nanorods.
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